The development of new antioxidant compounds for incorporation in foods is a rapidly growing research area. The resulting interactions between complex antioxidant mixtures is a key issue, however, research in this area is still in its infancy. Experimental antioxidant models based on conventional dose-responses, that can predict joint effects of chemical mixtures, are urgently needed. This paper illustrates a methodological procedure for Single Electron Transfer (SET) antioxidant assays to determine the synergistic and antagonistic effects of combining binary mixtures of antioxidants. Despite the abundance of theories and procedures to describe the synergistic/antagonistic effects in SET assays, they appear to be inadequate. Some features hindering advances in this field include the lack of: (1) experimental design, as a result of the extended use of unambiguous and simplistic procedures to quantify the effects of joint responses, based on singledose values; (2) detailed mathematical hypotheses to quantify dose-response values, which in addition causes the associated difficulties for assessing the statistical consistence of the results; and (3) functional approaches that consider the possibility of interactive effects. This paper proposes solutions for each of these limitations. Established ideas from existing fields are used to replace the current simplistic procedures, in order to quantify the effects of joint responses. One of the common hypothesis (known as concentration addition) for describing the combined effects is established for SET assays. A dose dependent mathematical model representative of this hypothesis, based on probability functions with meaningful parameters, is applied. The interactive effects between antioxidants are introduced into the model with simple auxiliary functions that describe the variations induced by each antioxidant in the parameters that define the effects of the other. Finally, a comprehensive index to summarize the complex parametric responses in one single value is proposed. Although the approach was experimentally demonstrated just in two classical SET assays (DPPH and ABTS), the results could be directly expanded in future to other types of classical SET assays. The methodology proposed is more complex than some relatively common approaches; nevertheless we believe that it is free of the controversial aspects listed above. Statistically consistent responses of null, synergy and antagonism effects were found when characterizing the interactions between several pairs of individual and complex mixtures of chemical antioxidant agents.
INTRODUCTION
The antioxidant assays that evaluate the direct effectiveness of compounds against free radical species can be divided into two main reaction categories, depending on the mechanism involved, some assumptions and assessment type (Apak et al. 2013 ): 1) Hydrogen atoms transfer (HAT) which measures the classical ability of an antioxidant to quench free radicals by hydrogen donation (Prieto et al. 2012) ; and 2) Single electron transfer (SET) which detects the ability of a potential antioxidant to transfer one electron to reduce any compound, including metals, carbonyls, and radicals (Huang et al. 2005 ).
The authors consider that HAT-based methods are most relevant to reactions where antioxidants typically act. HAT-based reactions are solvent and pH independent, but the presence of reducing agents, including metals, can lead to erroneously high apparent reactivity (Roginsky and Lissi 2005) . SET-based reactions are pH dependent, and the correlation between the different SET methods is significant (Niki 2010) but not consistent due to the interference of trace components and contaminants (particularly metals), which causes variability and poor reproducibility. When monitoring the reaction pathway, it is very difficult to distinguish between HAT and SET reactions, and the two reactions may take place simultaneously. There is certain agreement that complete HATbased assays include ORAC (Oxygen Radical Absorbance Capacity), TRAP (Total Radical-Trapping Antioxidant Parameter), CBA (Crocin Bleaching Assay), βBA (β-carotene Bleaching Assay) and OxHlIA (Oxidative Hemolysis Inhibition Assay). SET-based assays include ABTS, DPPH, FCR (Folin-Ciocalteu reagent), FRAP, ferricyanide and CUPRAC.
In the food technology, pharmaceutical and medical fields the interest for understanding the effects of multiple chemicals is overwhelming (Sanchez-Moreno 2002) . It is impossible to test every chemical combination. However, it is desirable to be able to predict effects of mixtures based on knowledge of the effects of simple binary combinations. From previous research (Bruun-Jensena and Skovgaardb 1994; Peyrat-Maillard, Cuvelier, and Berset 2003; Yang et al. 2009 ), when more than one antioxidant is present in a controlled chemical environment (HAT or SET) , the final antioxidant capacity (AC) found is higher or lower than expected in many cases. However, in these fields of study, the concepts of synergy and antagonism are often characterized by simplistic relationships between the individual effects and very basic experimental procedures (Jia et al. 1998; Marinova, Toneva, and Yanishlieva 2008; Yang et al. 2009 ), rather than generalizing the classical approaches from the risk assessment in the toxicological area (Berenbaum 1985a (Berenbaum , 1985b Bliss 1937 Bliss , 1939 Greco, Bravo, and Parsons 1995; Loewe and Muischnek 1926) . In addition, graphical approaches that avoid the application of response surface models are poorly suited to discern the joint effect of binary mixtures of antioxidants. This paper pursues a solution for each of these limitations.
Previously, mathematical tools have been developed to provide an algebraic environment to translate the classical interactive hypothesis regarding the binary combination of individual chemical entities (Murado and Prieto 2013a) . Furthermore, a procedure has been described to identify and quantify the interactive effects between two antioxidants in HAT assays (Prieto, Murado, and Vázquez 2014b) , and applied to investigate interactive mechanisms in complex mixtures of antioxidants (Prieto and Vázquez 2014) . In this study, we continue with the application of theoretical standpoints to different fields, by cautiously describing a method for SET antioxidant assays to determine the synergistic and antagonistic effects of combining binary mixtures of antioxidants. We have transferred the more recent advances in the quantification of the dose effect of individual agents and the joint effect of binary mixtures through response surface analysis. The procedure was tested in two well-known SET assays, the DPPH and ABTS methods. They were selected because they provide an optimized response system that is fairly representative of the SET oxidation processes, especially accurate, reproducible and yields a low experimental error (Floegel et al. 2011) . They are extensively used to quantify the potential AC (antioxidant capacity). The respective protocols have been repeatedly revised and improved, being well optimized at present (Nabavi et al. 2013) .
Despite the effort of researchers (Jia et al. 1998; Marinova, Toneva, and Yanishlieva 2008; Yang et al. 2009 ) to describe the synergistic/antagonistic effects in SET assays, the lack of theoretical standpoints provided by classical approaches from other field of studies, may have prevented researchers to find more conclusive solutions. This paper illustrates a methodological procedure for SET antioxidant assays to determine the synergistic and antagonistic effects of combining binary mixtures of antioxidants.
MATERIAL AND METHODS

Two classical Single Electron Transfer methods to assess antioxidants
DPPH bleaching reagent
The DPPH
•+ radical scavenging activities were assessed as described previously (Jiménez-Escrig et al. 2000; Sharma and Bhat 2009) . Briefly, 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) stock solution was prepared in methanol (0.50 g/L). For testing, the potential of antioxidants the stock solution was diluted ten times to provide an absorbance of ∼ 1.2 units at 515 nm.
ABTS bleaching reagent
The ABTS
•+ radical scavenging activities were assessed as described previously (Obón et al. 2005; Re et al. 1999) . Briefly, the stock solution was prepared in distilled water water by mixing 4 mM (21.95 mg/10 mL) of ABTS (2,2' -azinobis-(3-ethyl-benzothiazoline-6-sulphonic acid)) with 1.5 mM of potassium persulfate (K 2 S 2 O 8 , 4.03 mg/10 mL). In order to convert ABTS completely into its radical cation (ABTS •+ ), the reaction mixture was left in the dark at room temperature for 12-16 h, before its use. For testing the potential of antioxidants, the stock solution was diluted 22 times with phosphate buffered saline (5 mM, pH 7.4) to provide an absorbance ∼ 1.2 units at 414 nm.
Both stock solutions were kept in a translucent tube at 4 ºC in darkness. The solvents and other chemicals used for the preparation of both reagents were of analytical grade. The absorbance of both stock radical solutions was measured daily. If any loss of the free radical activity was noticed, the solution was prepared again (Ozgen et al. 2006) 
Procedure for the determination of the individual dose-response effects
The procedure was performed by adding 50 µL of sample and 250 µL of reagent into the wells (350 µL) of a microplate reader of 96 units (Thermo Scientific Nunc 96-Well Polypropylene MicroWell Plate with flat bottom). The microplate reader (Multiskan Spectrum Microplate Photometers from Thermo Fisher Scientific) was programmed to read the absorbance at the respective wave lengths every minute during a period of 200 minutes with agitation at 660 cycles/min (1 mm amplitude). The reduction of ABTS
•+ and DPPH •+ (15 nM and 30 nM, respectively in the final solution) at 30 ºC were followed by monitoring the decrease in absorbance until the reaction reached a steady state (Serpen et al. 2007 ).
Procedure for the determination of the synergistic and antagonistic effects between two pairs of antioxidants
As described in related works (Prieto et al. 2014b; Prieto and Vázquez 2014) , microplate assays were carried out based on a complete design for 8×8 arrays of two antioxidant mixtures at equally increasing concentrations (64 independent dose combinations) which were freshly prepared. Thus, 25 µL of each antioxidant solution was added to each well containing 250 µL of the corresponding reagent. All other conditions were the same as previously described.
Single value to assess the response of antioxidants
SET assays are rapid assays in which the indicator and radical species of the reaction can be adjusted to extend or shorten the time of the reaction. SET-based assays generally set a fixed time to measure color change of the radical. The initially chosen fixed points have a relevant impact on the final results obtained (Huang et al. 2005; Prieto et al. 2014a) . Therefore, in SET assays, to avoid generating inconsistent responses, an intermediate approach must be found. Otherwise, from a mathematical point of view, we are forced to reject any result (Prieto et al. 2014b; Arts 2004) . As for all non-linear kinetic reactions, the only useful rate value would be the maximum one. But, the time at which the rate reaches its maximum cannot be established a priori and varies for each compound and concentration. Therefore, for SET assays, the only possible reproducible value to be used is the final end point, which accounts for the entire potential capacity, but neglects the kinetic aspect of the reaction. One drawback of neglecting the kinetic analysis is that two antioxidants could have the same dose-response potential capacity but very different affinities towards the radical. Because the time to achieve such responses is not taken into account, their general AC would be registered as identical, but they are not.
Before any value to summarize the responses is considered, the responses must first be properly standardized. The best solution could be to rearrange the response as a function of the reduced radical molecules, as follows:
in which R is the bleached radical response measured as a function of time (t) and dose (d) of an antioxidant. 0 R •+ is the initial concentration of the radicalized form of the compound. A and C are the kinetic curves for each dose of the antioxidant and the control, respectively. By carrying out this standardization, the response is valid for the ABTS and DPPH responses. For other SET assays the rearrangements may need to be modified, but the essence should be kept.
For the determination of the asymptotic end point values of the kinetic response, several possible solutions exist. One of them is the kinetic analysis with explicit mathematical equations. In this sense, we have found three groups of alternatives in the literature (Murado and Vázquez 2010; Özilgen and Özilgen 1990; Terpinc, Bezjak, and Abramovič 2009) , covering a wide spectrum of profile responses, from potential to sigmoid ones, with and without intercepts. These mathematical tools facilitates the accurate prediction of the asymptotic end point value of the kinetic part of the response for all the doses assessed. However, this analysis is rarely applied in microplate readers for SET assays, because for some antioxidants the affinity towards the radical is rapid (kinetic completion in less than 1 min, such as trolox), while for others it is very slow (kinetic completion during more than 60 min, such as BHT). In this sense, when testing a set of combined dose-effects (useful for evaluating the synergistic or antagonistic effects of a mixture of compounds) the resulting experiment becomes unfeasible. Therefore, other more intuitive solutions must be applied. A valuable alternative is based on the kinetic variation with the control. However, if the kinetic perspective of the response is not clear, as occurs frequently in most SET assays, we should still follow the reaction kinetics experimentally and select those values as the asymptotic ones that would not show any changes with regard to the reduction of the control. 6-ethoxy-2,2,4-trimethyl-1,2-dihydroquinoline or ethoxyquin (ETX): commonly used as a food preservative (E324) in pet foods to prevent the rancidification of fats, in spices to prevent color loss due to oxidation of the natural carotenoid pigments and as a pesticide. (f) L-hexuronic Acid (vitamin C) or Ascorbic Acid (AA): a naturally occurring hydrosoluble organic compound with antioxidant properties. Ascorbic acid and its sodium, potassium, and calcium salts are commonly used as antioxidant food additives (E300-304). (g) Tert-Butylhydroquinone (TBHQ): It is a derivative of hydroquinone, substituted with tertbutyl group. TBHQ is a highly effective antioxidant in foods (E319). It is added to a wide range of foods, with the highest limit (1000 mg/kg) permitted for frozen fish and fish products. (h) 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, TRO): A water-soluble analog of vitamin E used in biological or biochemical applications to reduce oxidative stress or damage.
2.3.
All compounds were purchased from Sigma S.A. (St. Louis, MO, USA). The purity of all compounds tested was higher than 98 %.
Complex mixture of antioxidants: natural extracts from classical beverages with high content of antioxidant compounds
Tea and coffee are aromatic beverages (Perva-Uzunalić, Škerget, Knez, Weinreich, Otto, & Grüner, 2006) , second and third most consumed after water. Their water extracted compounds present different types of antioxidants of different potential degree (Chan, Lim, Chong, Tan, & Wong, 2010) ; therefore, it was considered as an excellent food case study. It has been argued that the consumption of those beverages is beneficial for health; among others, for its antioxidant activity, mainly due to the presence of natural antioxidants such as vitamins (mainly A, B6, C and E), polyphenols (xavonoids, xavanols, xavonols, isoxavones, quercetin, catechin, epicatechin, etc.) , coenzyme Q10, carotenoids, selenium, zinc and phytochemicals (Abdullin, Turova, & Budnikov, 2001; Sakanaka, Tachibana, & Okada, 2005; Vinson & Dabbagh, 1998) .
Unroasted coffee beans and loose unblended tea samples, free of additives (especially the antioxidant ones), were collected, cleaned, vacuum-packed and sent to the laboratory. Coffea arabica beans (C) were harvested in 2013 in Australia. Green (China Sencha) unblended tea (T) was harvested in China in 2011. The coffee bean and unblended tea samples were weighed, grounded, sieved with a mesh size (<0.5 µm) and packed in low density polyethylene pouches and preserved at 4-6 ºC for further analysis. Four consecutive autoclave extractions with 100 mL of distilled water at 105 ºC for 60 min were applied to 10 g of each sample. The extracted material was centrifuged several times and the supernatant was filtered through Whatman glass microfibre filters (GF/D and GF/F), lyophilized and preserved at -20 ºC (Almajano et al. 2007; Perva-Uzunalić et al. 2006) . All extractions were performed in triplicate and analytical methods for determination of AC were performed in the following days after the extraction.
Antioxidant concentration ranges
The concentration ranges used for each antioxidant sample are presented as weight used for the final reaction volume of a microplate well (300 µL). Thus, for the DPPH reaction the concentrations ranges are: TRO (0.00 to 3.15 µg); AA (0.00 to 3.15 µg); PG (0.00 to 1.25 µg); BHA (0.00 to 5.00 µg); BHT (0.00 to 17.50 µg); TBHQ (0.00 to 2.00 µg); ETX (0.00 to 3.15 µg); TOC (0.00 to 3.15 µg); C (0.00 to 6.25 µg); and T (0.00 to 2.50 µg). While the concentration ranges in μM of the antioxidants used for the ABTS reaction are: TRO (0.00 to 0.75 µg); AA (0.00 to 2.00 µg); PG (0.00 to 0.25 µg); BHA (0.00 to 0.40 µg); BHT (0.00 to 2.00 µg); TBHQ (0.00 to 0.40 µg); ETX (0.00 to 0.75 µg); TOC (0.00 to 2.00 µg); C (0.00 to 2.00 µg); and T (0.00 to 0.75 µg).
Numerical methods
Simulated and experimental results were adjusted to the proposed models by non-linear least squares methods (quasi-Newton), using Solver complement in Excel. Parametric estimations were performed by incorporating the 'SolverAid' macro (Prikler 2009 ) for estimating the confidence intervals. Model consistency student's t and Fisher's F tests, with α=0.05 in both cases were used. An automatic stepwise regression method was programmed in Microsoft Excel 2003 for the analysis of responses in order to test all possible parameter combinations. The following steps were applied routinely: 1) fitting the parameters from the individual responses (without interactions), using Eq. (6) for the CA hypothesis; 2) using the estimates as the starting values for assaying all possible parameter combinations of Eq. (8) (CA, 13 parameters and 8.191 combinations); 3) rejecting those options that lead at least to a non-statistically significant coefficient; and 4) selecting the most significant solutions, which are automatically ranked with several model selection criteria (Prieto et al. 2014b ).
RESULTS & DISCUSSION
This study investigates theoretical standpoints from different fields to develop a methodological procedure for SET antioxidant assays in order to determine the synergistic and antagonistic effects of combining two antioxidants. The classical interactive hypothesis of CA and IA for two agents was transferred by current analytical tools (Murado and Prieto 2013a) . The structure of the methodological procedure is based on similar ones recently published (Prieto et al. 2014b; Prieto and Vázquez 2014) to identify and quantify the interactive effects in HAT. However, before highlighting the core of the problem, other issues need to be addressed such as: 1) which mathematical model is most appropriate to compute and compare the individual dose-effects of antioxidants in SET assays; 2) which of the classical interactive hypotheses (CA and IA), if any, adapts better to the chemical conditions in SET assays; 3) which descriptive surface models are currently available and what are the possible ways to summarize the complex responses scenarios in a comprehensive index; 4) what range of concentrations is more suitable for the determination of synergistic and antagonistic effects; 5) what is the maximum number of antioxidants that can be tested for their combined effect; and 6) from a theoretical standpoint, which compounds, individual antioxidants or complex mixtures, such as natural extracts, can be tested? .
Once these points are discussed, an illustrative step by step example of the methodological procedure is depicted. Finally, two classical SET assays, based on the bleaching of the DPPH
•+ and ABTS
•+ radicals, are used to experimentally test the procedure between the binary mixtures of the antioxidants described in the material and methods section, covering the analysis of individual chemical entities and complex mixtures of natural extracts.
Tying up the loose ends for analyzing the response in SET assays
Dose-response model to describe the variations of the asymptotic potential values of SET assays
HAT-based assays measure the reactivity or capacity of antioxidants on competition kinetic grounds, in which the indicators of the reaction (in general another antioxidant) compete for the reactive species with the antioxidant sample to be tested. Therefore, they rank the affinity of antioxidants to counteract the reactive species against the indicator. Because both the dose of the antioxidant and the kinetics of the process are relevant, researchers have started to use time-dose dependent models to evaluate their responses. SET-based assays measure the potential capacity of an antioxidant to counteract an oxidant that changes its color when reduced and avoids the analysis of the antioxidant kinetic affinity towards the radical species. The degree of color change (either an increase or decrease) is correlated to the concentration of antioxidants in the sample. For SET assays, when neglecting the kinetic aspect of the response, the only possible reproducible value to be used is the final one, which accounts for the entire potential capacity, but this approach ignores the affinity of the antioxidant for the radical compound.
Commonly, the linear range of the dose-response of an established commercial antioxidant (such as trolox or BHT) is used as a calibration curve to compute the equivalent potential AC of new samples, and the samples are only tested at one single dose. This simplification causes deficiencies and the risk of inconclusive results (Frankel and Finley 2008) . Due to the inconsistency of the results, researchers frequently select the "linear range" of the dose-response of all samples and evaluate their AC by contrasting their respective slopes. Less commonly, authors have suggested that some radicalgenerating property of the system can be saturated (Arts 2004; Gieseg and Esterbauer 1994) , and in general, the non-linearity of the dose-responses of compounds has been described by mathematical expressions common to many fields of study to evaluate the dose-responses.
The preferable options are always models that have a lower number of parameters and models with parameters that provide direct meaning of the processes under analysis. Among the most common, hyperbolic, potential or sigmoid functions are traditionally used in biological systems due to their manageability. The most appropriate models that maximize possible responses and minimize the number of parameters are sigmoid functions. In general, the three parameter sigmoid group of functions (such as the Logistic, Weibull, Hill, Gompertz or Richards-Chapman) is the best solution to fit individually the asymptotic endpoint values corresponding to a series of increasing levels of an antioxidant. After testing those models, it was found that the Weibull survival distribution function (Weibull and Sweden 1951) was the most satisfactory with the highest level of accuracy. The Weibull model was previously reported to successfully describe the response in other antioxidant methods (Prieto et al. 2012 (Prieto et al. , 2014a . Thus, the dose-response of the asymptotic end point values can be fitted to the following equation rearranged for the purposes of this study:
in which the parameter K is the maximum radical reduced, asymptotic value of the response (for the SET assays studied here, reduced molecules of the radical). The parameter τ corresponds to the dose required for 50% radical reduction (substrate half-dose), which is the value of maximal predictability, because it corresponds also to the average radical molecules reduced per molecule of A agent. The α shape parameter is related to the maximum slope of the response. Eq. (2) is very versatile: when α<1, it can adjust the profiles of potential responses; when α=1, a first-order kinetic is described; and when α>1, a variety of sigmoidal profiles is produced.
It should be noted that the three parameter sigmoidal group of functions (such as the Logistic, Weibull, Hill, Gompertz or Richards-Chapman) would be generally acceptable solutions to fit the dose profiles individually, corresponding to a series of increasing antioxidant level. The survival Weibull distribution has been chosen for this study. However, any of the other equations mentioned are reasonably appropriate.
Apart from the previous parameters, other interesting ones can be obtained, such as the average rate (v τ , average molecules of the reduced radical/µg of A) that can be obtained with some algebraic modifications from Eq. (2) as follows:
Consequently, the confidence intervals of v τ could be estimated by means of Eq. (3). In addition, any given percentage n of the desired response R can be computed simply by rearranging Eq. (2) as follows:
in which n can be any value between 0-100%, consequently the corresponding τ n can be computed to obtain any n percentage of the maximum radical molecules reduced of K. Other parameters of Eq. (4) remain with the same meaning as in Eq. (2).
Consequently, the parameter τ or v τ can be considered as a meaningful way to compare A activities. The information provided by the combination of these values represents a robust tool to compare the activities of different antioxidant agents based on the parametric estimations of the dose-response effects. Authors may only focus on one parameter, depending on their interests; in any case, they are a simple way of summarizing responses in useful values to compare the AC of compounds. Therefore, the potential equivalent capacity of samples and standard antioxidants can be compared effortlessly. Furthermore, the application may facilitate the ranking process and the selection of appropriate concentrations of natural products to replace commercial antioxidants.
Classical interactive hypothesis: Identification of the mode of interaction for SET assays
The synergistic and antagonistic interactions of two (or more) antioxidants, despite their importance, are only studied from simplistic views (Jia et al. 1998; Marinova et al. 2008; Yang et al. 2009 ), rather than generalizing the classical approaches (Berenbaum 1985a (Berenbaum , 1985b Bliss 1937 Bliss , 1939 Greco et al. 1995; Loewe and Muischnek 1926) . The characterization of the combined action of chemicals of interest involves the challenge of how to define the null, antagonistic or synergistic action. It is therefore of crucial importance to understand the terminology that describes the combined effect of agents in terms of the mechanisms of action (Hertzberg and MacDonell 2002) . For the determination of the presence or absence of interactive effects of two well defined agents, two classical concepts or modes of interaction are conventionally considered in the dose-response field, "simple dissimilar action" or the independent action (IA) (Bliss 1939 ) and "simple similar action" or the concentration addition (CA) (Berenbaum 1985a (Berenbaum , 1985b Loewe and Muischnek 1926) , also referred to as Bliss independence and Loewe additivity. Both approaches have multiple names in the literature.
The theoretical principle behind CA is that in the absence of interactions, chemicals differ only in potency and can be regarded as dilutions of one another (Berenbaum 1985a (Berenbaum , 1985b . Because different dilutions of the same chemical will always conform to CA and will operate by the same mechanisms of action, it is typically assumed that mixtures of different chemicals that share the same molecular target will also behave according to CA. To calculate the joint effect of chemicals using CA, one accounts for the degree of dilution by relating the concentration of each chemical in the mixture as a single agent, adding up the concentrations, and calculating the effect from the joint dose-response curve.
The theoretical assumption behind IA supposes that the compound's effects act through different mechanisms; the chemicals in a mixture do not physically, chemically, or biologically interact. Therefore, they act independently of each other (Bliss 1937; Hewlett and Plackett 1964) . Berenbaum (1985a Berenbaum ( , 1985b illustrated the theory with a hypothetical example and defined, through probability theory, the response as the sum of the probabilities of the individual phenomenon minus the probability of their joint occurrence.
IA and CA hypotheses postulate modes of action; that is, they can be associated to general mechanisms or microscopic conditions that allow variations, capable of generating specific responses. Both are useful simplifications, but do not represent the only possible responses, and avoid to a large extent the analysis of the interactions that are possible in the system.
Conventionally, the results of dose-response experiments are tested against these two hypotheses. When comparing the CA and IA hypotheses, even when the models are challenged with chemicals having different mechanisms of action and chemicals mixed according to their potency to exert equal effects, the difference in prediction by IA and CA is small. This relatively minor difference suggests that both models may be valid and researchers have to use additional statistical tests to deduce which is the most relevant solution for a particular system. From a practical point of view, it is desirable to be able to use a single model for all situations. In addition, mechanisms of action are often unknown. In this regard, toxicology and ecotoxicology fields have become the focus for non-lethal end points (Cedergreen et al. 2008) . These tests measure gradual end points such as growth, morphological and behavioral changes which are all quantitative and therefore do not fit the theoretical assumptions of IA (Faust et al. 2003; Gessner 1988) . The SET test fits the description of non-lethal end points because SET measures the reduction of only one radical to its "non-lethal" end point. Therefore, in contrast to HAT assays, in which the hypothetical assumptions involve the analysis of both possible mechanisms of action (Prieto et al. 2014b; Prieto and Vázquez 2014) , SET assays can simplify the analysis using only the CA theoretical formulation.
Response surface model to describe and quantify the interactive concentration addition (CA) mode of action in SET assays
The classical null interaction formulation of CA (Berenbaum 1985a (Berenbaum , 1985b is not defined as a relation between the individual responses, but through the assumption that the response to a mixed dose of two chemicals behaves as the response to the "mixed" dose of the same chemical, implying that any chemical concentration can be substituted by the effective concentration of the other one. However, the conventional analysis applied in toxicology to CA hypothesis, instead of analyzing the results through conventional dose-responses tools, uses a graphical analysis with the isobole examination, accepting that straight, concave up and convex up isoboles indicate a null interaction, synergy and antagonism, respectively. Unfortunately, this graphical procedure is more a restriction than a simplification because: 1) other effects may increase or decrease the response corresponding to the null interaction, without altering the effective concentration, and these effects should not be excluded from the synergy and antagonism definitions; 2) such an index is calculated at a specific point or along a specific response (e.g. the half-maximal response), and cannot account for what happens in another region of the response surface. Therefore, the quantification of synergy and antagonism concepts will be used according to current modern approaches applying response surface models, in which the possible patterns of deviation from the reference are assessed based on dosedependent interactions (Greco et al. 1995; Hadrup et al. 2013; Jonker et al. 2005) . Essentially a doseresponse relationship for each chemical applied separately is combined with a functional relationship between the concentrations of the individual chemicals in the mixture, and the single-chemical concentrations needed to obtain the same effect.
The importance of the assumptions of CA concerning both the degree of similarity of site of action and the similarity of slope has been debated since the introduction of the model (Cedergreen et al. 2008; Hertzberg and MacDonell 2002; Jonker et al. 2005; Sørensen et al. 2007) . The response to a mixed dose of two antioxidant agents (A 1 and A 2 ) in the absence of interactive effects (null interaction) can be postulated as the response of two fictitious "mixed" doses of the same agent, as described by (Murado and Prieto 2013a) as follows:
The different potency effects of each antioxidant compound tested, can be inserted by multiplying one of the doses by a factor p (p=1 for chemicals with equal potency), as follows:
The p coefficient (p>1 if the first effector has more potency than the second one) means that if a joint response is described by Eq. (6), the m 2 parameter of the individual response to the second antioxidant agent is m 2 =m×p.
The above model does not include the interactions. The concept "interaction" describes the combined effect between two chemicals. The term "interaction" should not be viewed in the physiological sense to describe biological interference for a target or receptor, but as an empirical description to characterize departure from additivity. Different possible perturbations can be postulated: (1) dose dependent interactions of one antioxidant modifying the effective dose of the A power and introducing a factor that perturbs it; and (2) interactions that modify the parameters of the response to the other parameters and therefore, changing the response, which can be achieved by multiplying K and m by a perturbation term. For simplification, in both cases, the factor that perturbs the dose or the parameters can be described by the following relationship:
where the subscript i identifies the A by the perturbed A noted with j, v θi is the factor that multiplies the θ parameter or antioxidant power of the response to A i , with fitting coefficients b θi and c θi .
The general model for CA is more complex, including interactions, modifying the effective dose and interactions, modifying the sigmoidal parameters with the perturbation term of Eq. (7) defined as follows:
Eq. (8) includes all the possible theoretical interactions, but much simpler situations are normally found.
Simplification of the complex interactive effects in a simple quantification index
Once the previous relations are accepted as a generalized model for CA hypothesis, an algebraic framework is established that characterizes synergy and antagonism scenarios through the specific variations imposed by the perturbations, translated into changes of the effective concentrations as well as into variations of K and m. However, all these complex possible effects described above may obstruct the comprehension of the overall effects accounted, and a single numerical value that summarizes the nature and the intensity of the synergistic or antagonistic interactions could be very helpful. The best alternative would be to summarize the complex possible effects described above by computing the percentage relative unit of volume (RUV) between the volume of the surface produced by the null interaction (SV NI ) and the volume of the surface with interactions (SV I ) as follows: 
in which A i and A j are the dependent variables that represent the n and m concentration of both antioxidants, h i and h j are the concentration interval sets and Ф i,j is the product of the nested composite trapezoidal rule coefficients. Therefore, positive and negative values of RUV describe the predominantly synergistic and antagonistic interaction effects between the antioxidants over the study range. This index summarizes the effect produced, but changes proportionally as the concentration ranges change; this can serve as a guiding value, which at least is more informative than providing a proportional number of arrows up and down.
Experimental design for the combination of two antioxidant agents, number of concentrations and ranges more suitable for efficient analysis
When analyzing the individual dose effects of one agent with dose-response models (Murado and Prieto 2013b) , the focus should be on the experimental effort covering a range, rather than increasing the number of replicates to minimize the effects of the experimental error, because from the point of statistical significance of a model, this is more efficient. For increasing the accuracy of the model predictions and significance of the parameter estimations, assuming a standard deviation of a 5 % with a homoscedastic variance of the experimental error, we must perform at least 12 proportional independent measures through the independent variable, with a minimum of 25 % of the responses on the asymptote. As described (Murado and Prieto 2013b) , by following these simple rules, we ensure (with a 95 % of likelihood) that all the parametric estimations obtained would be statistically consistent with an error less than 5 %. To obtain the concentration ranges that would produce 25 % of the dose-responses in the asymptote, initial minor dose-range experiments must be performed. The final ranges used for the individual agents for the SET assays illustrated in this study were all clarified in the material and methods section.
When analyzing the combining dose effects of two agents with a dose-response surface model, the essence of the individual agent analysis must be kept, but the multi-component variables affecting the efficiency of the mathematical analysis are difficult to distinguish. To accurately quantify, characterize and predict the additive behavior of compounds as null, synergistic or antagonistic in SET assays, the response would heavily depend on appropriate study designs. From this starting point, one might speculate how the compounds would behave in a mixture in acute, single-dose experiments. However, these are simplistic reductions of the problem (Groten 2000) . The only way to describe the combined action of the components in the mixture is to perform experimental studies combining the doses and comparing the effect of the mixture to the effect of the individual compounds (Murado and Prieto 2013a) . In principle, there is a diverse range of experimental designs. Each design offers specific advantages, but in our experience, the complete design is the most effective, which is simply combining all the doses of an agent with all the doses of the other. Although the complete design is more informative and efficient than the radial or equiadditive designs (Sørensen et al. 2007) , commonly used in the risk assessment of toxic chemicals, its drawback is that it requires an additional set of data compared to the other designs. Regarding the number of doses that should be combined, we have fulfilled the maximum combined area of a typical 96 well microplate, in which an array of eight independent doses per each antioxidant, are combined, providing 64 independent dose relationships.
When we fit the experimental data to a multivariable characterization, the model becomes more consistent and informative, as well as providing better estimations of parameters reducing their confidence interval. In as much as the experimental curves obtained do not span the full range and some of them fail to provide information about one or more of the parameters of the equation, the combined application of a surface model would describe simply and accurately all the responses. Finally, regarding the concentration ranges to be used, we strongly suggest that the ideal dose range in the combined experiment should be those that produce 95% of the response in the initial analysis of the individual effects. Such an ideal range of doses can be determined easily by firstly fitting the dose-response of the individual effects to Eq. (2), and then, inserting the parametric estimations obtained into Eq. (4) with n = 95 %.
Number of antioxidants and type (individual or mixtures) that theoretically are subjected to analysis
When assessing the toxicity of chemicals over the life of organisms, researchers argue that they are rarely exposed to only the combination of two single contaminants. Such arguments may be equally valid in the analysis of joint effects of antioxidants. Although several studies in the literature have illustrated procedures to assess a multi-component mixture of individual chemical entities (Faust et al. 2003) , we have only discussed binary mixtures in this study. Experiments with three or more chemicals do not seem to have a satisfactory resolution (Murado and Prieto 2013a; Sørensen et al. 2007 ).
With regard to the type of antioxidants that theoretically are valid in order to test their combined effects, once the AC hypothesis is established as a general solution for the SET assays, the following binary combinations are acceptable: (1) two individual chemical entities, and (2) an individual chemical entity with a mixture of unknown chemical entities (such as complex antioxidant extracts).
In the first one, we would establish the effects of its combined response and some possible conjectures of their mechanistic interaction could be drawn. In the second one, even if the combination of similar or dissimilar individual chemical entities with antioxidant extracts, formed by a mixture of agents, is at least controversial, we would still be able to determine general effects of its joint action. To our knowledge, for testing mixtures of unknown compounds, no tools or hypotheses have been developed. However, we could treat the extracted residues as a mixture of compounds and test their collective joint action response as if they are well-defined chemical entities.
The responses to the binary joint interaction of pure antioxidants (such as BHT, ETX, TRO) and the mixture of antioxidant compounds from different chemical entities (extracted residues), described in the material and methods section were used to exemplify the developed procedure.
Application to assess and compare the potential AC as a function of a dose-response analysis
The previous standardizations (Eq. (1)) and mathematical dose-response modeling (Eq. (2) and (3)) were applied to the standard antioxidants and extracts described in the material and methods section in both experimental reactions (DPPH and ABTS). Figure 1 (part A and B) shows the graphical analysis to all the standard antioxidants and extracts for the DPPH and ABTS assays, respectively. The dots ( ) are the standardized values and the lines the fittings to Eq. (2) for all the tested agents. To simplify the comparison process for both reactions, the dose-responses of extracts and the commercial antioxidants are expressed in µg of the compound. Regarding the AC of antioxidant extracts (C and T), this shows a clear dose-time dependency for the two SET assays tested here. The fitting parameters, the parametric statistical estimations and correlation coefficients of determination (r 2 ) are presented in Table 1 . Finally, Figure 1 Beyond quantitative differences, the analysis of the parametric non-linear response of the antioxidant equivalent action and rigorous comparison of their capacity provides a tool that facilitates the selection of appropriate concentrations of products to replace commercial antioxidants. Thus, the potential equivalent capacity can be computed easily. For example, the following in vitro results can be concluded: -In DPPH environments, ~2 µg of T is equivalent to ~1 μg of PG.
-In ABTS environments, ~2.51 µg of C is equivalent to ~1 μg of TRO.
When the analyses are based on the v τ parameter, in some cases the equivalent values are greater than some of the standard antioxidants.
Null, synergistic and antagonistic analysis of the joint effect of compounds
Illustration example of the methodological process
The methodological procedure and the mathematical models proposed in the previous sections yielded consistent results when combining all the antioxidants listed in the materials section for each of the methods. These results not only permitted the decision between the null interaction, synergy and antagonism, but also revealed some interesting aspects of the system reactions. To illustrate the methodological procedure of this approach, the joint action of AA and TBHQ on the reduction of the radical form of DPPH is now described in detail. values, as well as the Student's t and Fisher's F test (both with α=0.05) applied to the parametric estimations and to the explained variance, respectively, showed a statistically acceptable fit ( Figure  2 , part A). However, the distribution between the observed and predicted results was biased, and the residuals showed that the computed response surface predicts higher values than those experimentally obtained, which suggests an antagonistic interaction. When we assume the interactive hypothesis ( Figure 2 , plot B), as described by Eq. (8), a decrease in the bias and an improvement in the other fitting criteria were obtained by accepting an increase in the m parameter of the response to TBHQ due to the presence of AA (increasing antioxidant potency: antagonistic in the strict sense). A further improvement could be obtained by accepting a similar drop in the K parameter (antagonism in the broad sense). All fitting criteria improved significantly when those antagonistic effects were included in comparison to those shown by assuming no interaction in Eq. (6). Therefore, it must be concluded that the effect of the joint response to AA and TBHQ shows an antagonistic interaction.
When a large set of data needs to be analyzed, the intuitive process of finding the most appropriate solution can be very laborious. To overcome this, we have developed a routine in excel in which all possible parameter combinations were tested to rank and select the most appropriate solution (see material and methods section). The selection was identical to that intuitively found above, which demonstrates the reliability of both options for selecting the correct solution. However, because the automatic system is undoubtedly faster and more reliable, it was the procedure used to assess all subsequent pairs of tested antioxidants.
Once the modeling of the experimental surface responses is determined, we could quantify the degree of interactive effect (% RUV) as described in Eq. (9). The variations in the parametric values of the response to an antioxidant as a function of the concentration of the other antioxidant (the structures of the perturbation terms) or the global approach of computing the RUV allow a brief reasonable description of the interactive effects. The synergistic and antagonistic consequences can vary along the response surface, producing effects with opposite signs in different subdomains of the surface.
Therefore, the datum of practical interest is the possible difference between the null interaction and the experimental result in a given domain. Only the "scenery" of these differences throughout the experimental domain allows effective and statistically sound statements. Finally, Figure 2 (plot C) presents the obtained % RUV data, first in two separate 2D graphs that show the response for the individual effects caused for each antioxidant, and then as the response and antioxidant doses presented in a single 3D graph.
Joint action between several pairs of antioxidant standards
By using the standard antioxidants listed in the materials section, 36 combinations were performed for each SET assay, including those in which the pair of antioxidant is the same antioxidant (used simply as a control). Each pair of agents displays 64 concentration combinations in terms of its maximum potential activity as described in the materials section. All binary agent responses are subjected to the automatic stepwise regression analysis described in the numerical methods section, which provides the information regarding the mode of interaction by applying Eq. (6) and (8), the CA hypothesis without and with interactions, respectively. The full analysis of all the possible combinations is presented in the appendix (Table A1 and Table A2 ). For simplicity, only a representative set of 21 case combinations were chosen and presented in Figure 3 and Figure 4 .
All the adjusted coefficients of determination of all fitting solutions were always greater than 0.97, with a wide majority of the fittings superior at 0.99. Some exceptional cases, if their behaviour is described and confirmed by other areas of study, may show some interesting concepts for the field of the interactive effects of compounds.
2 adj R
Joint action of several pairs of compounds
The interactive effects of the extracts from different antioxidant extracts were tested between them and against the other compounds. Figure 5 shows the matrix combination of 16 binary agents for each SET assay, including those in which each antioxidant in a pair is identical (used simply as a control). The modes of interaction, parametric estimations, confidence intervals and statistical information of best fitting results derived for each of the binary combinations tested are presented in Table A3 (appendix section). The adjusted coefficients of determination of all fitting solutions were always greater than 0.97, with a wide majority of the fittings superior at 0.99. To our knowledge, no tools or hypotheses have been developed for testing mixtures of compounds. Thus, we treat the extracted residues as a mixture of compounds. In any case, the responses to the binary joint interaction of commercial antioxidants (such as BHT, ETX, TRO) and the mixture of antioxidant compounds from different chemical entities (extracted residues) produced consistent results in all cases.
2 adj R Once the mode of interaction is identified, the quantification of the interactive effects is determined in terms of RUV by means of Eq. (9).
Reproducibility of the methodology and confidence limit of RUV determination
The reproducibility and limit of confidence of the methodological procedure was tested by analyzing all the standard antioxidants several times and determining the confidence interval of the % RUV result response for each SET assay. The results can be observed in Figure 6 . For the ABTS assay, the global confidence interval was ± 1.95 %, while for the DPPH reaction it was ± 2.01 %. As a general rule for both assays, it can be established that any % RUV value between -2.00 to 2.00 % cannot be considered as statistically consistent. Therefore, based on this limit of confidence for the RUV values obtained, the statistically consistent responses determined from the mixtures tested are displayed in Table 2 .
In terms of the type of interactions (synergistic/antagonistic/null interaction) for the DPPH assay; four cases were found with significant antagonistic responses, the TBHQ vs AA, BHA vs ETX, TOC vs AA and BHA vs TOC. Five other cases were found with significant synergistic interactions (ETX vs T, TBHQ vs T, TRO vs C, BHT vs C and ETX vs C). It was notable that all the antagonistic significant interactions were between individual chemical entities, while all significant synergistic interactions were between the individual chemical entities and the complex mixtures of antioxidants from the extracted residues. For the ABTS assay; ten cases were found with significant antagonistic responses, while only two were found with significant synergistic interactions. All other binary mixtures did not produce significant lower or higher responses than expected (null interaction). However, there were a few cases in which their synergistic/antagonistic effects, in both reactions, were within ± 2.0 % of confidence limit, whereby the interactive hypothesis could possibly be admitted, due to the behaviour of the response surface difference. A deeper analysis must be carried out to confirm whether or not there is an interaction.
CONCLUSIONS
Synergy and antagonism are controversial characteristic behaviors of very diverse systems. Despite their importance, the common characterization of these phenomena in the context of the antioxidant action is often questionable due to some problematic definitions and the type of data used. In this paper, a methodological procedure has been developed for the joint action of several pairs of antioxidants, which enables the determination and quantification of the synergistic and antagonistic interactive effects. Well-established ideas from different existing fields are used to replace the current simplistic procedures to quantify the effects of joint responses. One of the common hypotheses for describing the combined effects is established for SET assays. A dose dependent mathematical model representative of that hypothesis, based on probability functions with meaningful parameters, is applied. The interactive effects between antioxidants are introduced into the model with simple auxiliary functions that describe the variations induced by each antioxidant in the parameters that define the effects of the other. Finally, a comprehensive index to summarize the complex parametric responses in one single value is proposed. Although the approach was experimentally demonstrated just in two classical SET assays (DPPH and ABTS), the results are directly expandable to other types of classical SET assays. Statistically consistent responses of null, synergy and antagonism effects were found when characterizing the interactions between several pairs of individual and complex mixtures of chemical antioxidant agents.
Two types of antioxidant samples, individual chemical entities and complex mixtures, covering as much as possible the range of possible responses, were used to test the rapid methodology proposed here. The results shows that the AC of the extracts was more similar compared to some of the commercial standards in terms of potential maximum capacity, while others showed lower values. The proposed generalized procedures for the joint action of several well-known antioxidants produced consistent results in all cases.
Afterwards, we determined and quantified the null/synergistic/antagonistic interactions between binary combinations of those types of antioxidants using the developed methodological procedure.
Therefore, in the assessment of the possible interactive effects in binary mixtures of antioxidants, the new procedure represents a powerful informative tool, which is effectively designed for defining the important aspects of very complex responses. Although the proposed approach is a little more complicated than some relatively common solutions, we believe that it is free from the most controversial aspects of such approaches. Table 1 and dose ranges in material and methods section.
FIGURE CAPTIONS
Figure 2: An illustrative procedure to obtain the RAU responses using the AA and TBHQ antioxidant combination in the DPPH reaction as an example. The final RUV value of such interaction was -4.94 %, more details about the fittings in Table 1 and Table A1 .
Figure 3: Matrix combination responses for the DPPH assay, which is organized as follows: a) the results obtained for the controls can be seen in the diagonal; b) in the top part of the diagonal the surface responses for each pair antioxidant combination is presented; and c) in the bottom diagonal part, the different "scenery" between their respective null interaction form and the obtained response is presented. Numerical results are in Table 2 and Table A1 .
Figure 4: Matrix combination responses for the ABTS assay, which is organized as follows: a) in the diagonal, the results obtained for the controls it can be seen; b) in the top part of the diagonal, the surface responses for each pair antioxidant combination is presented; and c) in the bottom diagonal part, the different "scenery" between their respective null interaction form and the obtained response is presented. Numerical results are in Table 2 and Table A2 . Table 2 and Table A3 . Figure 6 : Reproducibility of the methodological procedure and limit of confidence for the % RUV results. Note that the range of axis z is six times lower than those presented in Figure 3 , Figure 4 and Figure 5 . (2), (3) and (4). Table 2 : Effect of the combination of 45 different pairs of standard antioxidants and extracts for each SET reaction. For those cases where each sample is combined with itself, the results are used simply as a control. For each statistically consistent case the resulting RUV values are presented (ns if RUV < 2.0 %, see text for more details). The concentration ranges used for each case are shown in µg for the final reaction volume of the reaction (300 µL). Table A1 : Parametric values of the joint action between different standard antioxidants in the DPPH reaction by fitting the experimental results to Eq. (6) (assuming no interactions) and (8) (assuming interactive mechanisms). The degree of interactive effect (% RUV) is computed as described in Eq. (9). For all the presented parameters, their estimations are significant. Table A2 : Parametric values of the joint action between different standard antioxidants in the ABTS reaction by fitting the experimental results to Eq. (6) (assuming no interactions) and (8) (assuming interactive mechanisms). The degree of interactive effect (% RUV) is computed as described in Eq. (9). For all the presented parameters, their estimations are significant. Table A3 : Parametric values of the joint action of different standard antioxidants against two natural extracts (T and C) in the DPPH and ABTS reaction by fitting the experimental results to Eq. (6) (assuming no interactions) and (8) (assuming interactive mechanisms). The degree of interactive effect (% RUV) is computed as described in Eq. (9). For all the presented parameters, their estimations are significant. Table 1 and dose ranges in material and methods section.
APPENDIX TABLE CAPTIONS
Figure 4: Matrix combination responses for the ABTS assay, which is organized as follows: a) in the diagonal, the results obtained for the controls it can be seen; b) in the top part of the diagonal, the surface responses for each pair antioxidant combination is presented; and c) in the bottom diagonal part, the different "scenery" between their respective null interaction form and the obtained response is presented. Numerical results are in Table 2 and Table A2 .
DPPH ASSAY ABTS ASSAY
Figure 5: Combination responses for the antioxidant extracts against standard antioxidants in the DPPH and ABTS reactions. To surfaces response graphs for each case for each reaction are show: one belongs to results obtained for the joint response and the other to the differences "scenery" between their respective null interaction form and the obtained response. Numerical results are in Table 2 and Table A3 . 
NI: Null interaction, ns: non statistically significant RUV result. 
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